A mean field calculation for obtaining the equation of state (EOS) for symmetric nuclear matter from a density dependent M3Y interaction supplemented by a zero-range potential is described. The energy per nucleon is minimized to obtain the ground state of symmetric nuclear matter. The saturation energy per nucleon used for nuclear matter calculations is determined from the co-efficient of the volume term of Bethe-Weizsäcker mass formula which is evaluated by fitting the recent experimental and estimated atomic mass excesses from Audi-Wapstra-Thibault atomic mass table by minimizing the mean square deviation. The constants of density dependence of the effective interaction are obtained by reproducing the saturation energy per nucleon and the saturation density of spin and isospin symmetric cold infinite nuclear matter. The EOS of symmetric nuclear matter, thus obtained, provide reasonably good estimate of nuclear incompressibility. Once the consants of density dependence are determined, EOS for asymmetric nuclear matter is calculated by adding to the isoscalar part, the isovector component of the M3Y interaction that do not contribute to the EOS of symmetric nuclear matter. These EOS are then used to calculate the pressure, the energy density and the velocity of sound in symmetric as well as isospin asymmetric nuclear matter.
Introduction
The equation of state (EOS) of dense isospin asymmetric nuclear matter determines most of the gross properties of neutron stars and hence it is of considerable interest in astrophysics. Nuclear matter is an idealized system of nucleons interacting strongly through nuclear forces but without Coulomb forces and is translationally invariant with a fixed ratio of neutrons to protons. The nuclear EOS, which is the energy per nucleon E/A = ǫ of nuclear matter as a function of nucleonic density ρ, can be used to obtain the bulk properties of nuclear matter such as the nuclear incompressibility [1] , [2] the energy density and the pressure needed for neutron star calculations and the velocity of sound in nuclear medium for predictions of shock wave generation and propagation. The EOS is also of fundamental importance in the theories of nucleus-nucleus collisions at energies where the nuclear incompressibility K comes into play as well as in the theories of supernova explosions [3] . In the present work we obtain an EOS for nuclear matter using the M3Y-Reid-Elliott effective interaction supplemented by a zero range pseudo-potential along with the density dependence. The density dependence parameters of the interaction are obtained by reproducing the saturation energy per nucleon and the saturation density of cold infinite spin and isospin symmetric nuclear matter (SNM). One of the density dependence parameter, which can be interpreted as the isospin averaged nucleon-nucleon interaction cross section in ground state symmetric nuclear medium, is also used to provide estimate for the nuclear mean free path. EOS for the isospin asymmetric nuclear matter is then calculated by adding to the isoscalar part, the Lane [4] or the isovector component [5] of the M3Y interaction that do not contribute to the EOS of SNM. These EOS are then used to calculate the pressure, the energy density and the velocity of sound in symmetric as well as isospin asymmetric nuclear matter and pure neutron matter (PNM).
The M3Y interaction was derived by fitting its matrix elements in an oscillator basis to those elements of the G-matrix obtained with the ReidElliott soft-core NN interaction. The ranges of the M3Y forces were chosen to ensure a long-range tail of the one-pion exchange potential as well as a short range repulsive part simulating the exchange of heavier mesons [6] . The real part of the nuclear interaction potential obtained by folding in the density distribution functions of two interacting nuclei with the density dependent M3Y effective interaction supplemented by a zero-range pseudopotential (DDM3Y) was shown to provide good descriptions for medium and high energy α and heavy ion elastic scatterings [7] , [8] , [9] . The zerorange pseudo-potential represented the single-nucleon exchange term while the density dependence accounted for the higher order exchange effects and the Pauli blocking effects. The real part of the protron-nucleus interaction potential obtained by folding in the density distribution function of interacting nucleus with the DDM3Y effective interaction is found to provide good descriptions of elastic and inelastic scatterings of high energy protons [10] and proton radioactivity [11] . Since the density dependence of the effective projectile-nucleon interaction was found to be fairly independent of the projectile [12] , as long as the projectile-nucleus interaction was amenable to a single-folding prescription, the density dependent effects on the nucleonnucleon interaction were factorized into a target term times a projectile term and used successfully in case of α radioctivity of nuclei [13] including superheavies [14] and the cluster radioactivity [13] .
The density dependent effective nucleon-nucleon interaction : isoscalar and isovector components
The central part of the effective interaction between two nucleons 1 and 2 can be written as [7] 
where τ 1 , τ 2 are the isospins and σ 1 , σ 2 are the spins of nucleons 1,2. In case of SNM only the first term, the isoscalar term, contributes whereas for the isospin asymmetric-spin symmetric nuclear matter only first two terms, the isoscalar and the isovector (Lane) terms, contribute and for the spin-isospin asymmetric nuclear matter all the four terms of Eq.(1) contribute. Considering only the isospin asymmetric-spin symmetric nuclear matter, the neutron-neutron, proton-proton, neutron-proton and protonneutron interactions, viz. v nn , v pp , v np and v pn , respectively, can be given by the following:
The general expression for the density dependent effective NN interaction potential is written as [11] 
where the isoscalar t M 3Y 00 and the isovector t M 3Y 01 components of M3Y interaction potentials [7] supplemented by zero range potentials are given by the following: where s is the distance between two interacting nucleons and the energy dependence parameter α = 0.005M eV −1 . The zero-range potentials of Eqs. (4, 5) represent the single-nucleon exchange term. The density dependent part appearing in Eqs.(3) [15] has been taken to be of a general form
which takes care of the higher order exchange effects and the Pauli blocking effects. This density dependence changes sign at high densities which is of crucial importance in fulfilling the saturation condition as well as giving different K 0 values with different values of n for the nuclear EOS [15] . The value of the parameter n = 2/3 was originally taken by Myers in the single folding calculation [16] . In fact n = 2/3 also has a physical meaning because then β can be interpreted as an 'in medium' effective nucleon-nucleon interaction cross-section σ 0 while the density dependent term represents interaction probability. This value of β along with nucleonic density of infinite nuclear matter ρ 0 can also provide the nuclear mean free path λ = 1/(ρ 0 σ 0 ). Moreover, it also worked well in the single folding calculations for inelastic and elastic scatterings of high energy protons [10] , proton radioactivity [11] and in the double folding calculations with the factorized density dependence for α radioctivity of nuclei [13] including superheavies [14] and the cluster radioactivity [13] .
Symmetric and isospin asymmetric nuclear matter calculations
The isospin asymmetry X can be conveniently defined as
where ρ n , ρ p and ρ are the neutron, proton and nucleonic densities respectively. The asymmetry parameter X can have values between -1 to +1, corresponding to pure proton matter and pure neutron matter respectively, while for SNM it becomes zero. For a single neutron interacting with rest of nuclear matter with isospin asymmetry X, the interaction energy per unit volume at s is given by the following:
while in case of a single proton interacting with rest of nuclear matter with isospin asymmetry X, the interaction energy per unit volume at s is given by the following:
Summing the contributions for protons and neutrons and integrating over the entire volume of the infinite nuclear matter and multiplying by the factor 1 2 to ignore the double counting in the process, the potential energy per nucleon ǫ pot can be obtained by dividing the total potential energy by the total number of nucleons,
where
Assuming interacting Fermi gas of neutrons and protons, the kinetic energy per nucleon ǫ kin turns out to be
where m is the nucleonic mass equal to 938.91897 M eV /c 2 and k F , which becomes equal to Fermi momentum in case of the SNM, is given by the following:
The two parameters of Eq.(6), C and β, are determined by reproducing the saturation conditions. It is worthwhile to mention here that due to attractive character of the M3Y forces the saturation condition for cold nuclear matter is not fulfilled. However, the realistic description of nuclear matter properties can be obtained with this density dependent M3Y effective interaction. Therefore, the density dependence parameters have been obtained by reproducing the saturation energy per nucleon and the saturation nucleonic density of the cold SNM.
The energy per nucleon ǫ = ǫ kin + ǫ pot obtained for the cold SNM for which X = 0 is given by the following:
where J v00 represents the volume integral of the isoscalar part of the M3Y interaction supplemented by the zero-range potential having the form
The Eq. (14) can be rewritten with the help of Eq. (6) as
and differentiated with respect to ρ to yield equation
The equilibrium density of the cold SNM is determined from the saturation condition ∂ǫ ∂ρ = 0. Then Eq. (16) and Eq. (17) with the saturation condition can be solved simultaneously for fixed values of the saturation energy per nucleon ǫ 0 and the saturation density ρ 0 of the cold SNM to obtain the values of the density dependence parameters β and C. Density dependence parameters β and C, thus obtained, can be given by the following:
and
respectively. It is quite obvious that the density dependence parameter β obtained by this method depends only on the saturation energy per nucleon ǫ 0 , the saturation density ρ 0 and the index n of the density dependent part but not on the parameters of the M3Y interaction while the other density dependence parameter C depends on the parameters of the M3Y interaction also through the volume integral J v00 . The incompressibility K 0 of the cold SNM which is defined as
can be theoretically obtained using Eq. (13), Eq. (17) and Eq. (22) as
Since the product J v00 C appears in the above equation, a cursory glance reveals that the incompressibility K 0 depends only upon the saturation energy per nucleon ǫ 0 , the saturation density ρ 0 and the index n of the density dependent part of the interaction but not on the parameters of the M3Y interaction. The energy per nucleon for nuclear matter with isospin asymmetry X can be rewritten as
where J v = J v00 + X 2 J v01 and J v01 represents the volume integral of the isovector part of the M3Y interaction supplemented by the zero-range potential having the form
The pressure P and the energy density ε of nuclear matter with isospin asymmetry X can be given by the following:
respectively, and thus the velocity of sound v s in nuclear matter with isospin asymmetry X is given by the following:
The incompressibilities for isospin asymmetric nuclear matter are evaluated at saturation densities ρ s with the condition ∂ǫ ∂ρ = 0 which corresponds to vanishing pressure. The incompressibility K for isospin asymmetric nuclear matter is therefore expressed as the following:
where k F is now evaluated at saturation density ρ s using Eq. (13) and
4. Calculations of energy per nucleon, pressure, energy density and velocity of sound for symmetric nuclear matter and neutron matter
The calculations have been performed using the values of the saturation density ρ 0 = 0.1533f m −3 [17] and the saturation energy per nucleon ǫ 0 = −15.26M eV [18] for the SNM obtained from the co-efficient of the volume term of Bethe-Weizsäcker mass formula which is evaluated by fitting the recent experimental and estimated atomic mass excesses from AudiWapstra-Thibault atomic mass table [19] by minimizing the mean square deviation. For a fixed value of β, the parameters α and C can have any possible simultaneous values as determined from SNM. Using the usual value of α = 0.005M eV −1 for the parameter of energy dependence of the zero range potential, the values obtained for the density dependence parameters C and β are presented in Table-1 for different values of the parameter n along with the corresponding values of the incompressibility K 0 . Smaller n values predict softer EOS while higher values predict stiffer EOS. The form of C(1 − βρ n ) with n = 2/3 for the density dependence which is identical to that used for explaining the elastic and inelastic scattering [10] of protons and the proton [11] , α [13] , [14] , cluster radioactivity phenomena [13] also agrees well with recent theoretical [20] and experimental [21] results for the nuclear incompressibility.
In Table- 2 incompressiility of isospin asymmetric nuclear matter as a function of the isospin asymmetry parameter X, using the usual value of n=2/3 and energy dependence parameter α = 0.005M eV −1 , is provided. Table 2 . Incompressiility of isospin asymmetric nuclear matter using the usual value of n=2/3 and energy dependence parameter α = 0.005M eV −1 . In Tables-3-5 the theoretical estimates of the pressure P and velocity of sound v s of SNM are listed as functions of nucleonic density ρ and energy density ε using the usual value of 0.005 M eV −1 for the parameter α of energy dependence, given in Eqs. (4, 5) , of the zero range potential and also the standard value of the parameter n = 2/3. As for any other non-relativistic EOS, present EOS also suffers from superluminosity at very high densities. According to present calculations the velocity of sound becomes imaginary for ρ ≤ 0.1f m −3 and exceeds the velocity of light c at ρ ≥ 5.3ρ 0 and the EOS obtained using v 14 +T N I [22] also resulted in sound velocity becoming imaginary at same nuclear density and superluminous at about the same nuclear density. But in contrast, the incompressibility K 0 of infinite SNM for the v 14 + T N I was chosen to be 240 MeV while that by the present theoretical estimate is about 290 MeV which is in excellent agreement with the experimental value of K 0 = 300±25 MeV obtained from the giant monopole resonance (GMR) [23] and with the the recent experimental determination of K 0 based upon the production of hard photons in heavy ion collisions which led to the experimental estimate of K 0 = 290 ± 50 MeV [21] .
In Tables-6-8 the theoretical estimates of the pressure P and velocity of sound v s in case of PNM are listed as functions of nucleonic density ρ and energy density ε using the usual value of 0.005 M eV −1 for the parameter of energy dependence, given in Eqs. (4, 5) , of the zero range potential and also the standard value of the parameter n = 2/3.
In Fig.-1 the energy per nucleon ǫ of SNM and PNM are plotted as a function of ρ. The continuous lines represent the curves for the present calculations using saturation energy per nucleon of -15.26 MeV whereas the dotted lines represent the same using v 14 + T N I interaction [22] and the dash-dotted lines represent the same for the A18 model using variational chain summation (VCS) [24] for the SNM and PNM. The minimum of the energy per nucleon equaling the saturation energy of -15. 26 MeV for the present calculations occurs precisely at the saturation density ρ 0 = 0.1533f m −3 while that for the A18(VCS) model occurs around ρ = 0.28f m −3 with a saturation energy of about -17.3 MeV. The pressure P of SNM and PNM are plotted in Fig.-3 as a function of ρ. The continuous lines represent the present calculations whereas the dotted lines represent the same using v 14 + T N I interaction [22] .
In Fig.-4 the velocity of sound v s in SNM and PNM and the energy density ε of SNM and PNM for the present calculations are plotted as functions of nuleonic density ρ. The continuous lines represent the velocity of sound in units of 10 −2 c whereas the dotted lines represent energy density in M eV f m −3 .
The theoretical estimate K 0 of the incompressibility of infinite SNM obtained from present approach using DDM3Y is about 290M eV . The theoretical estimate of K 0 from the refractive α-nucleus scattering is about 240 MeV-270 MeV [25] and that by infinite nuclear matter model (INM) [20] claims a well defined and stable value of K 0 = 288±20 MeV and present theoretical estimate is in reasonably close agreement with the value obtained by INM which rules out any values lower than 200 MeV. Present estimate for the incompressibility K 0 of the infinite SNM is in good agreement with the experimental value of K 0 = 300±25 MeV obtained from the giant monopole resonance (GMR) [23] and with the the recent experimental determination of K 0 based upon the production of hard photons in heavy ion collisions which led to the experimental estimate of K 0 = 290 ± 50 MeV [21] . However, the experimental values of K 0 extracted from the isoscalar giant dipole resonance (ISGDR) are claimed to be smaller [26] . The general theoretical observation by Colo' et al. is that the non-relativistic [27] and the relativistic [28] MeV whereas the dotted lines represent the same using v 14 + T N I interaction [22] and the dash-dotted lines represent the same for the A18 model using variational chain summation (VCS) [24] .
values from the experimental masses and electron scattering, present nonrelativistic mean field model estimate for the nuclear incompressibility K 0 for SNM using DDM3Y interaction is rather close to the earlier theoretical ρ (fm estimates obtained using relativistic mean field models. The density dependence parameter β = 1.668f m 2 , that has the dimension of cross section, can be interpreted as the isospin averaged effective nucleon-nucleon interaction cross section in ground state symmetric nuclear medium. For a nucleon in ground state nuclear matter k F ≈ 1. [29] calculations corresponding to such k F and q 0 values which is ≈ 12 mb. Using the value of the density dependence parameter β = 1.668f m 2 corresponding to the standard value of the parameter n = 2/3 along with the nucleonic density of 0.1533f m −3 , the value obtained for the nuclear mean free path λ is about 4f m which is in excellent agreement [30] with other ρ (fm theoretical estimates.
Summary and conclusions
In summary, we conclude that the present EOS is obtained using the isoscalar and Lane that is the isovector part of M3Y effective NN interaction. This interaction was derived by fitting its matrix elements in an oscillator basis to those elements of the G-matrix obtained with the ReidElliot soft-core NN interaction and has a profound theoretical standing. The value obtained for the nuclear mean free path is in excellent agreement [30] with other theoretical estimates. The present theoretical estimate of nuclear incompressibility for SNM is in reasonably close agreement with other theoretical estimates obtained by INM [20] model, using the Seyler-Blanchard interaction [17] or the relativistic Brueckner-Hartree-Fock (RBHF) theory [31] . This value is also in good agreement with the experimental estimates from GMR [23] as well as determination based upon the production of hard photons in heavy ion collisions [21] . The EOS for SNM and PNM are similar to those obtained by B. Friedman and V.R. Pandharipande using v 14 +T N I interaction [22] and the RBHF theory. The EOS for the isospin asymmetric nuclear matter can be applied to study the cold compact steller objects such as neutron stars. Table 3 .
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